the first medium-throughput screen (mTS)-ready assay measuring glucose-dependent insulin secretion from pancreatic inS-1E cells.
Osteoporosis. The canonical Wnt pathway is highly validated in bone development. 7, 8 The Wnt-dependent differentiation of C2C12, a multilineage potential cell line, into an osteoblast-like phenotype provides a model of osteogenesis amenable to mTS.
Alzheimer disease (AD) . allelic variation in apolipoprotein E (apoE) has been identified as an important genetic risk factor for the development of sporadic ad 9, 10 ; several lines of evidence suggest that secreted apoE forms high-affinity extracellular complexes with β-amyloid peptide (aβ), a major constituent of amyloid plaques in brains of ad patients, and facilitates the proteolytic degradation and or efflux of aβ from the ad brain. Statistical validation of apoE secretion from the astrocyte cell line, CCF-STTG1, enables the operation of a phenotypic assay for novel apoE secretagogues.
Cell division. Cell cycle arrest is a long-established mechanism for the development of oncology therapeutics. The validated, high-content dna content assay described here provides a means to identify compounds that arrest cell cycle in G2 or m; identification of such agents that used tubulin-independent mechanisms may be a class of cell cycle inhibitor with diminished neurotoxicity. 11 Angiogenesis. Tumor progression requires the development of a blood vessel network to support continued growth 12 ; current antiangiogenesis agents inhibit the tyrosine kinase receptor for vascular endothelial growth factor (VEGF), 13 the dominant proangiogenic factor. 14 Validation of an angiogenesis assay using co-culture of endothelial colony-forming cells (ECFCs) and human adipose-derived stem cells (adSCs) captures, in part, the biological complexity of neovascularization and enables a pdd assay to identify compounds that inhibit angiogenesis by novel mechanisms.
The results from testing the first several thousand pd 2 compounds indicate that a large percentage (2-10%) of these structurally distinct molecules demonstrate confirmed activity in a pd 2 assay and display median potencies in the low micromolar range. Significantly, the majority of confirmed pd 2 actives (70%) modulate only a single pdd assay. The implications of these observations to biologically relevant chemical diversity, pdd, and the identification of novel therapeutic mechanisms of action are discussed.
mAterIALS And metHodS detailed materials and methods are provided in the supplementary information online.
Methods common to assays
all cell growth and cell-based assay incubations were conducted at 37 °C, in a humidified incubator at 5% Co 2 unless otherwise noted. percentage stimulation and percentage inhibition were calculated by equation 1 and equation 2, respectively, using the maximum (max) and minimum (min) response conditions for each assay as described in the supplementary information.
Signal -Min Equation 1 :
The EC 50 or iC 50 of test compounds was determined by fitting the calculated percentage activation or inhibition values using a standard four-parameter logistic and nonlinear regression analysis.
all assays were validated for plate uniformity (three plates each of high, mid, and low signal per day for 3 days) and potency reproducibility (>20 compounds of varying potency tested in two independent experiments) in accordance with the published Eli lilly-niH Chemical Genomics Center guidelines for assay enablement and statistical validation (http://www.ncgc.nih.gov/ guidance/index.html).
Insulin secretion assay
inS-1E cells seeded in 384-well plates were treated with compounds at the indicated concentration in either high (5 mm glucose and 1.5 um 3-isobutyl-1-methylxanthine [iBmX]) or low (0.1 mm glucose and 1.5 um iBmX) glucose conditions for 1 h. Secreted insulin (ng/ml) was determined by an insulin alphaliSa™ kit using purified human insulin (lilly Research laboratories) as a standard.
ApoE secretion assay
CCF-STTG cells seeded in 384-well plates were treated with compounds at the indicated concentration in assay media for 70 h. Secreted apoE was determined by an alphaliSa™ kit using purified apoE (Biodesign) as a standard.
Wnt pathway assay
Wnt3a conditioned media (Cm) were prepared as described. 15 C2C12 cells seeded in 384-well plates were treated Wnt3a, bone morphogenetic protein 4, and compounds at the indicated concentration for either 24 h or 48 h before measuring β-catenin located in cell nuclei or cell-associated alkaline phosphatase (alp) activity, respectively.
Angiogenesis assay
Co-cultures of human clonal ECFCs with human adipose adSCs seeded in 384-well plates were treated with VEGF and compounds at the indicated concentration for 96 h prior to fixation, staining, and measuring of endothelial tube area and cell nuclei.
G2M cell cycle assay
Human cervical tumor (Hela) cells seeded in 384-well plates were treated with compounds at the indicated concentration for 24 h prior to fixation, staining, and measuring dna content, dna condensation, and cellular CyclinB + phosphorylated histone H3 (pH3).
reSuLtS

Statistical validation of assays
To ensure operational robustness, in vitro assays used to make critical path decisions require statistical validation. The Z′ score is a metric for interplate and interexperimental variation of signal window. 16, 17 The statistical validation results for the five phenotypic assays are summarized in table 1. average Z′ values over multiple days and runs range from 0.42 to 0.73 (table 1) ; column-and row-wise analysis of the plate uniformity data demonstrated no evidence of edge effects (not shown). The reproducibility of potency determinations is evaluated by experimentally determining the assay minimum significant ratio (mSR); if two compounds have a within-run potency ratio >mSR, then the potency differences between the compounds are statistically significant. 18 The mSR values for each phenotypic assay channel ranged from 1.7 to 3.4 (table 1) . Taken together, the plate uniformity and mSR analysis indicate that each phenotypic assay is suitable for mTS and provides reliable potency measurements for lead optimization using singlet determinations.
Insulin secretion
The rat insulinoma cell line inS-1E exhibits many of the phenotypic characteristics of pancreatic β cells, including glucose-stimulated insulin secretion, and is thus a useful model to screen for compounds that cause glucose-dependent insulin secretion. 19 insulin release using the 384-well inS-1E assay is stimulated by glucose from 10-to 30-fold in a saturable manner and is potentiated by camp elevation with iBmX ( Fig. 1A) .
The glucose-stimulated insulin release was highly cooperative, with EC 50 values of 7 to 8 mm ( Fig. 1A) , consistent with the pharmacology of glucose sensing in β cells. 20 Known insulin secretagogues, the sulfonylurea glyburide (glibenclamide), the glucokinase activator ly2121260, 21 the protein kinase C activator phorbol 12-myristate 13-acetate (pma), and the imidazoline ly374284 22 were tested in the inS1-E phenotypic assay at 5 mm and 0.1 mm glucose concentrations ( Fig. 1b, c) . pma was observed to be a highly potent and efficacious insulin secretion agent at both 0.1 mm and 5 mm glucose. Glyburide, a drug in clinical use, was observed to be a highly potent insulin secretagogue with efficacy at 5 mm glucose and low but detectable efficacy at 0.1 mm glucose ( Fig. 1b, c) . This is consistent with glyburide's known action and its propensity to promote hypoglycemia in patients, 6 an undesirable trait for future therapeutic compounds. in contrast, the glucokinase activator ly2121260 and the imidazoline ly374284 were highly efficacious insulin secretagogues at 5 mm glucose yet inactive at 0.1 mm glucose, consistent with their known pharmacology and lack of hypoglycemic effects, 21, 22 an activity profile that is desirable for therapeutic insulin secretagogue agents. all four reference compounds exhibited potencies and efficacies consistent with those previously described in insulinoma cells or rodent islets 21, 23, 24 ; however, it must be noted that some known β-cell secretagogues such as glucagon-like peptide-1, gastric inhibitory polypeptide, and oxotremorine are inactive in this assay. Taken together, these results indicate that the inS-1E insulin secretion assay can reliably detect and differentiate between insulin secretagogue with different mechanisms of action. From assay validation studies. The Z′ is the average over 3 days of plate uniformity testing. The mSR is calculated from 2 days of compound potency testing using 20 to 30 compounds in each assay.
ApoE Secretion
The human astrocytoma cell line CCF-STTG1 constitutively secretes apoE and forms lipoprotein complexes. 25 Treatment of CCF-STTG1 cells with a liver X receptor (lXR)-specific agonist, T-o901317, 26 results in a concentration-dependent increase in apoE secretion with an EC 50 of 8.6 nm ( Fig. 2A ), which is in good agreement with reported affinity for lXR-β 26 and a previous apoE secretion study. 27 Test compound effects on nonspecific leakage of cytoplasmic proteins were monitored by release of lactate dehydrogenase (ldH) into the media. T-o901317 increased ldH release at concentrations 1000-fold greater than the EC 50 for induction of apoE secretion ( Fig. 2A, b) . These data confirm that CCF-STTG1 is a suitable cellular model for apoE secretion from astrocytes. 27 a statistically validated apoE secretion assay (table 1) in conjunction with a counterscreen for nonspecific CCF-STTG1 cell permeability ( Fig. 2b) and an lXR biochemical assay provide an effective means to identify compounds that stimulate apoE secretion through non-lXR mechanisms.
Osteoblast differentiation, Wnt pathway
in C2C12 cells not treated with a glycogen synthase kinase-3 (GSK3) inhibitor, the majority of β-catenin is located within the adherens junctions between clusters of C2C12 cells; activation of the Wnt pathway by GSK inhibition results in β-catenin accumulation and translocation into the nucleus ( Fig. 3A-b) . activation of the Wnt pathway in C2C12 cells also results in the induction of cellular alp activity, a marker for osteoblast differentiation 28 (Fig. 3c, d) .
The Wnt pathway assay measures β-catenin localized within cell nuclei and cell-associated alp activity at optimal time points of 24 and 48 h, respectively. Treatment with Cm from l cells expressing Wnt3a resulted in β-catenin translocation in a dosedependent manner (Fig. S1 ). Because the primary goal of the Wnt pathway screen is to identify molecules that either induce or potentiate β-catenin translocation and induce osteoblast differentiation, the validated assay included Wnt3a Cm to activate β-catenin translocation to 20% of maximal Wnt3a activity (table 1) . Wnt pathway activation by a GSK3 inhibitor shows a dose-dependent increase in nuclear β-catenin and alp activity; the average EC 50 values for β-catenin translocation and stimulation of alp activity were 38 nm and 8 nm, respectively ( Fig. 3e,  F) , which are similar to the 3-nm value reported for inhibition of cellular Tau phosphorylation. 29 it is important to note that although a GSK3 inhibitor serves as a convenient positive control, the resulting β-catenin responses are superphysiological, with maximum efficacies 3-to 4-fold higher than the corresponding value for Wnt3a Cm. Validation of this multiparametric Wnt pathway assay (table 1) provides a means to identify compounds that induce an osteoblast-like lineage in a βcateninen dependent manner.
Angiogenesis
ECFCs form tubelike structures that express the endothelial marker Cd31 when co-cultured on an adSC feeder layer ( Fig. S2A ). Three outputs from the Cellomics Tube Formation Bioapplication-total tube area, mean tube node count, and mean tube length width ratio-were compared in a time course experiment; total area was the most sensitive measure of tube formation ( Fig. S2b ) and was used for assay validation (table 1) and subsequent studies. The multiplexed measurement of cell nuclei area in the same sample provides an important measure of relative cytotoxicity ( Fig. 4A) . Sutent, a marketed antiangiogenic drug that inhibits VEGFR2 and other receptor tyrosine kinases, 13 inhibits co-culture tube formation in a dose-dependent manner (Fig. 4A) . Quantitative dose-response curves of Cd31 tube formation and cellular nuclei indicate that Sutent inhibits angiogenesis with an iC 50 value of 16 nm without exhibiting overt cytotoxicity ( Fig. 4b ). in contrast, compounds that decrease tube formation and cell nuclei area are probably inhibiting angiogenesis through undesirable cytotoxic mechanisms (Fig. 4b ).
The multiplexed measurement of Cd31 tube area and cytotoxicity thus provides a means to readily differentiate potentially interesting active compounds from false-positives in the angiogenesis screen.
Cell cycle inhibition, G2/M arrest
High-content cellular imaging is a powerful tool to analyze cell cycle and associated biological events such as apoptosis or reorganization of cellular tubulin. [30] [31] [32] Figure 5A shows the number of cells as a function of propidium iodide (pi) fluorescence intensity, a measure of cellular dna; the resulting distribution describes the dna content for the population of sampled cells. major peaks corresponding to diploid (2n) and tetraploid (4n) cell populations correspond to cells in G1 and G2 and/or mitosis (m) cell cycle stages, respectively ( Fig. 5A ). Cells with pi fluorescence intensity between 2n and 4n correspond to a population of cells that are replicating dna (S phase). in addition to dna content, the assay measures levels of cellular CyclinB and pH3, biomarkers for the G2 and m phases, respectively ( Fig. 5A, b ). 1 Finally, information on the condensation state of cellular dna provides an independent measure of m-phase cells or other cellular processes that lead to dna condensation such as apoptosis. 33 nocodazole treatment arrests the cell cycle in the m phase 34 and leads to decreased 2n and increased 4n, cyclinB-pH3, and dna condensation ( Fig. 5A, b) . This multiplexed cell cycle assay is statistically validated for plate uniformity and potency reproducibility (table 1) ; as a result, compound dose-response curves provide high-quality data and reproducible potency values using singlet determinations ( Fig. 5c ).
Simultaneous measurement of dna content, dna condensation, and cyclin B-pH3 status following compound treatment results in a multiplexed cell cycle activity profile that differentiates various cell cycle phases such as G2 and m following doxorubicin and nocodazole treatment, respectively. 1 Clustering algorithms segregate multiplexed compound potency activity profiles into phenotypic classes represented by various grids within the self-organizing map (Fig. 5d ) where each grid phenotype is defined by the potency of a compound to modulate various cell cycle parameters. profiles C1R1-2 and C2R1-3 correspond to compounds that modulate CycB/pH3, dna content, and dna condensation with high and equal potency, an activity profile that is consistent with a block in mitosis. internal lilly screening identified compounds that modulate CycB/pH3 and all dna content channels with high and equal potency but had greatly reduced or undetectable effect on dna condensation (data not shown); this assay profile is consistent with a G2 phenotype. 1 Compounds with profiles C3R1, C3R4, and C4R3 ( Fig. 5d ) induce dna condensation without potent modulation of dna content; this cellular phenotype is consistent with the induction of apoptosis. interestingly, unknown cellular phenotypes corresponding to potent modulation of dna content without detectable activation of CycB-pH3 ( Fig. 5d, C1R4 ) and potent activation of CycB-pH3 in the absence of potent dna content modulation (Fig. 5d, C4R4 ) are observed. pd 2 compounds exhibiting either a G2 or m cellular phenotype are of potential interest as oncology agents.
PD 2 collaboration metrics
as of december 2010, a total of 195 institutions were affiliated with pd 2 . Following the official opening of the pd 2 Web site in June 2009, the number of registered account users has steadily increased to more than 290 investigators. analysis of global demographic data indicates that pd 2 collaborators are affiliated with academia (61%), biotech (32%), and research Hela cells were treated with nocodazole at the indicated concentrations, and multiplexed cell cycle parameters were measured as described in the supplement to the materials and methods section. (d) Self-organizing map (Som) of G2m assay actives: pd 2 single-point screen hits were confirmed in 10-point dose-response mode and by determination of potencies for CycB-pH3, dna content, and dna condensation as described in the supplement to the materials and methods section. Clustering of the resulting five compound potency data sets by Som analysis indicates the existence of several phenotypic classes. Each assay profile is a grid within the Som, which consists of the EC 50 or iC 50 of the assay parameter versus the five assay parameters, CycB-pH3, >2n, 2n, 4n, and dna condensation, respectively. Each activity profile is designated by a row (R1-4) and column (C1-4). C1R1-2 and C2R1-3 correspond to compounds inducing a mitotic block. Compounds in C3R1, C3R4, and C4R3 lead to an increase in dna condensation without affecting dna synthesis and may be inducing apoptosis. Compounds in C1R4 and C4R4 correspond to unknown phenotypes related to changes in dna content without increasing CycB-pH3 levels and activation of CycB-pH3 in the absence of alterations of dna content, respectively. institutes (7%), located in the United States (55%), Europe (28%), and asia (9%), with the remaining collaborators located in the americas, pacific, and middle East. Similarly, the number of compounds submitted to pd 2 has grown steadily over time. at the end of Q4 2010, a total of 29 760 compounds have been submitted for cheminformatics analysis for structural novelty, and 17 835 compounds were accepted to the pd 2 initiative. This suggests that 60% of the compounds submitted for analysis of structural novelty are less than 85% similar (Tanimoto coefficient <0.85) to known drugs, previously submitted pd 2 compounds, and molecules registered in the lilly collection (https:// pd2.lilly.com/pd2Web/defaultmenuitems/others/pd2 _Structure_Evaluation_details.pdf) and are unlikely to possess similar molecular mechanisms. 35 as of September 2010, 4691 compounds have been tested in the pd 2 modules (Figs. 1-5) . dose-response follow-up of single-point screen actives indicates that 1.6% to 10% of the pd 2 compounds tested have confirmed activity in at least one of the phenotypic screens. These confirmed actives demonstrated potencies with median iC 50 or EC 50 values ranging from 1.7 um (G2m) to 4.3 um (insulin), with high-potency compounds identified in the angio, Wnt, and G2m modules (EC 50 or iC 50 values <10 nm) and intermediate potency compounds in the apoE and insulin modules (EC 50 100 and 330 nm, respectively).
Specificity of biological action is an important metric related to the potential quality of a therapeutic compound and screen active. Figure 6A is a summary of the confirmed activity of the pd 2 compounds as of September 2010. Hierarchical clustering of the pEC 50 or piC 50 values for each phenotypic module provides information on the selectivity of confirmed actives across the five pd 2 modules. The majority (70%) of compounds are selective compounds and modulate only one pd 2 module (Fig. 6A) , with 22% and ˜8 % of the compounds active in two and three modules, respectively (Fig. 6A ). although the compounds active in three pd 2 modules had higher average potencies, the overall data indicate that promiscuous biological activity does not appear to be prevalent (Fig. 6A ). although speculative, it may be possible that the activity of compounds across various pd 2 modules provides information on the similarities and differences of the underlying signaling pathways contributing to each phenotype as suggested by the expected quantitative correlation between the G2m arrest and inhibition of angiogenesis 36 for a subset of the angiogenesis pd 2 confirmed actives (Fig. 6b) .
Early phenotypic characterization also provides a means to identify active molecules with higher therapeutic potential. Figure 6c shows the EC 50 value for insulin secretion at low glucose, an undesirable activity, versus the EC 50 value for insulin secretion at high glucose, a desirable activity. To date, only 8% of the confirmed actives at high glucose demonstrate activity at low glucose, suggesting that compounds derived from these actives will stimulate insulin secretion in a glucose-dependent fashion and are less likely to induce hypoglycemia. 21, 22 multiplexed determination of endothelial tube inhibition and nuclear area, a relative measure of cell toxicity, indicates that more than 80% of the confirmed antiangiogenic actives are working through noncytotoxicity mechanisms (Fig. 6d) , a desirable trait. parallel characterization of the Wnt pathway actives through nuclear localization of β-catenin and induction of the osteoblast marker, cellular alp activity, 28 indicates that more than 70% of confirmed actives induce alp activity and β-catenin translocation with similar EC 50 values, suggesting a common mechanism ( Fig. 6e ) and providing a rationale to remove other compounds that may use other mechanisms of action. dIScuSSIon lilly Research laboratories is using phenotypic assays to chemically interrogate complex biological systems composed of multiple or unknown biochemical components/pathways. neoclassic pdd approaches complement gene-specific Tdd strategies and thus may expand the potential to discover novel and effective medicines. phenotypic assays, when appropriately enabled and statistically validated, have the testing capacity and quantitative reproducibility to efficiently support screening, hit expansion, and SaR efforts 1 (table 1; Figs. 1-5) , a frequent concern regarding the use of complex cell-based systems for drug discovery. much of the chemical diversity within pharmaceutical compound collections is derived from projects that sought to identify competitive inhibitors for kinases, G-protein coupled receptors (GpCRs), ion channels, nuclear hormone receptors, and enzymes. This raises the question of whether the pharmaceutical industry's chemical diversity is sufficient to fully leverage a target agnostic approach such as pdd. Recognizing this potential limitation, Eli lilly and Company launched pd 2 , an open-source initiative in which lilly tests novel compounds from academic and biotech organizations free of charge while allowing the lilly collaborator to retain data and full intellectual property rights with the hope of establishing drug discovery research collaborations. information about this program can be found at https://pd2 .lilly.com/pd2Web/, with detailed instructions on how principal investigators and research institutes can participate in pd 2 . The pd 2 Web site also provides an overview of the current phenotypic assay modules, which includes the phenotypic screen and all cellbased and biochemical follow-up assays necessary to provide an initial evaluation of the submitted compounds. To meet the collaborative transparency required in open-source research efforts, this article provides experimental details on the operation, statistical validation, data analysis, and initial screening results associated with the first phenotypic assays of pd 2 . (c) insulin secretagogue activity at 0.1 mm glucose versus insulin secretagogue activity at 5.0 mm glucose. Compounds stimulating insulin secretion with similar potencies at high and low glucose, an undesirable mechanism, are indicated (blue); compounds stimulating insulin secretion in a glucose-dependent manner, a desirable mechanism (green). (d) Cytotoxicity versus antiangiogenesis activity. Compounds inhibiting angiogenesis by increasing cytotoxicity, an undesirable mechanism, are indicated (blue); compounds inhibiting angiogenesis without significant cytotoxicity, a desirable mechanism (green). (e) activation of cellular alkaline phosphatase (alp) activity versus β-catenin translocation. Compounds that disproportionally affect either cellular alp activity or β-catenin translocation activity, an undesirable mechanism, are indicated (blue); compounds that proportionally enhance alp activity and β-catenin translocation, a desirable mechanism (green). The percentage compounds having a desirable phenotypic profile are indicated for each pd 2 module. and insufficient insulin secretion from the pancreatic β-cell. The pancreatic β-cell has a glucose-sensing mechanism to facilitate glucose-stimulated insulin secretion (GSiS) by secretagogues such as incretins, amino acids, and fatty acids. K + aTp channel modulators (sulfonylureas and glinides) remain the sole class of Food and drug administration-approved small-molecule insulin secretagogue agents that directly act on pancreatic β-cells. 6 These compounds are glucose-independent insulin secretagogues and thus have been associated with hypoglycemic events. other small-molecule β-cell secretagogues in clinical development represent a limited number of molecular targets encompassing metabolic regulators such as glucokinase and a small number of GpCRs. 20, 37 despite more than a half-century of substantial effort from both academia and industry, a limited number of molecular targets that are tractable for small-molecule discovery have been associated with glucose-dependent insulin secretion.
Diabetes: insulin secretion
The rat insulinoma cell line inS-1E exhibits GSiS and is thus a useful model to screen for compounds that are glucosedependent insulin secretagogues. Reference molecules including a sulfonylurea, an imidazoline, and a glucokinase activator demonstrated appropriate glucose-dependent pharmacology for insulin secretion in inS-1E cells (Fig. 1) . This is the first report of an assay for glucose-dependent insulin secretion that is amenable for mTS in a 384-well format. a prior study demonstrated that insulin release could be measured in inS-1E 832/13 cells using a 96-well format with triplicate data points, 38 making the assay system unsuitable for an mTS screening campaign. in contrast, our assay was capable of reproducibly detecting smallmolecule insulin secretagogues over a wide range of potencies and efficacies. Compounds with different mechanisms of action were observed to give consistently distinct efficacies for insulin secretion. For instance, glyburide was moderately efficacious (mean = 40%, SEm = 2, n = 67), while pma was highly efficacious (mean = 82%, SEm = 7, n = 60) relative to a maximal concentration of glucose. This assay, therefore, provides the capability to perform SaR quality analysis on both the potency and efficacy of molecules for lead optimization. The diabetes phenotypic module seeks to identify compounds that will enhance GSiS by novel mechanisms.
Alzheimer Disease: ApoE secretion
ad is a progressive degenerative dementia that usually begins with memory impairment and progresses to involve a severe loss of multiple areas of cognitive function. The ε4 allele of the apoE gene was identified as an important genetic risk factor for the development of sporadic, late-onset ad. 9,10 individuals who inherit one or two copies of the apoE4 allele develop ad earlier and have a 2-and 10-fold risk, respectively, of developing the disease. 39 Consistent with the increased ad risk associated with the apoE4 allele, models using transgenic mice expressing human amyloid precursor protein (app) and human apoE4 have 10-fold higher expression of fibrillar (thioflavin-S-positive) aβ and a twofold to threefold lower dendritic spine density in the dentate gyrus than app transgenic mice expressing apoE3. 40, 41 Finally, the apoE allelic differences in adult-onset ad also correspond with the ability of the various apoE isoforms to facilitate the proteolysis of soluble aβ within the brain 42 and mediate the efflux of aβ40 or aβ42 through the blood-brain barrier. 43 Taken together, the following ad-apoE scenario emerges: apoE is secreted by astrocytes, forms high-affinity extracellular complexes with aβ&0x44, and facilitates the proteolytic degradation and/or efflux of aβ from the ad brain.
This model suggests that increased apoE secretion from astrocytes will enhance aβ clearance from the brain, reduce plaque burden, and lead to enhanced cognitive behavior. Significantly, orally available lXR agonists increase apoE expression, reduce hippocampal aβ levels, and improve contextual memory in Tg2576 mice. 42, 44 although the adverse effects of lXR agonists, increased plasma lipids and hepatic steatosis, 26, 45 limit the utility of this class of molecules, these studies provide an important proof of concept for the potential clinical importance of compounds that increase astrocytic apoE secretion by non-lXR mechanisms.
The human astrocytoma cell line CCF-STTG1 constitutively secretes apoE and forms lipoprotein complexes. 25 Secretion of apoE is increased by addition of cholesterol:phospholipid liposomes 25 and lXR agonists (Fig. 2) , 27 well-known modulators of apoE secretion in nonneuronal cell lines. development of enzyme-linked immunosorbent assays to measure apoE secretion 46 provides the basis of a screening assay (Fig. 2 ), but to our knowledge, this is the first description of a statistically validated, mTSready apoE secretion assay. molecules of interest will increase apoE secretion by a non-lXR mechanism.
Osteoporosis: Wnt pathway
activation of the canonical Wnt pathway through β-catenin is critical for normal bone development. 7 as reviewed by Krishnan et al., 8 multiple mutations in the Wnt pathway have been shown to modulate bone formation. in humans and mice, loss-of-function and gain-of-function mutations in the Wnt co-receptor, lRp5, are associated with low bone mineral density skeletal fragility and increased bone density, respectively. in addition, expression of dickkopf (dKK1) and sclerostin (SoST), naturally occurring negative regulators of lRp5 that disrupt the Wnt signaling pathway, are associated with loss of bone mass. Transgenic mice expressing constitutively active β-catenin have increased bone mass and rescue the loss of bone phenotype in lRp5-null mice, indicating the importance of the canonical Wnt signaling pathway in the mechanism of bone formation. 47 Taken together, these findings provide strong validation for activating the canonical Wnt pathway for antiosteoporosis drug discovery. 8, 47 The Wnt signaling pathway is complex, and multiple approaches have been taken to identify small-molecule activators. 48 approaches include neutralization of inhibitors such as soluble frizzled related protein-1, dKK-1, and SoST and inhibition of GSK3-β. Compound screens have been conducted to identify modulators of the Wnt pathway with the lEF/TCFdriven luciferase reporter in a transfected HEK 293 cell line 49 and through high-content screening in primary human cells. 50, 51 Use of transfected cell lines may limit the ability to identify physiologically relevant modulators of the Wnt pathway due to differences in cellular context and expression levels of relevant components. in this respect, screens using preosteoblast-like cells may have a greater potential to identify compounds that are active in bone cells.
in this study, C2C12 cells, a murine cell line with multilineage potential, 52, 53 and an intact Wnt pathway that is modulated by dKK1, 54 SoST, 55 and GSK3-β 56 were used to identify potentiators/agonists of the canonical Wnt signaling pathway that enhance formation of an osteoblast-like phenotype as measured by an increase in cellular alp activity. Compounds of interest will induce β-catenin nuclear translocation and increase cellular alp activity with similar potencies (Fig. 6e) .
Oncology: angiogenesis
neovascularization is a complex process that requires the migration, differentiation, physical interaction, and coordinated cellular signaling of precursor and mature forms of endothelial cells with stromal cells (fibroblasts, pericytes, and smooth muscle). VEGF is recognized as the dominant proangiogenic factor, but other factors such as fibroblast growth factor, epidermal growth factor, hepatocyte growth factor, angiopoietins, thrombomodulin, notch ligands, and transforming growth factor-β can promote, inhibit, or modulate angiogenesis (see Folkman 12 and adams and alitalo 14 for reviews).
it is difficult to adequately model a complex biology such as angiogenesis as an in vitro system. Terminally differentiated endothelial cells form tubelike structures when grown on matrigel, an extracellular matrix extract (see arnaoutova et al. 57 for review), which contains somewhat variable amounts of various growth factors. 58 although this assay has been used successfully for 20 years, the physical properties of the extract and the variable thickness of the resulting three-dimensional matrix make the use of automated liquid handling and automated imaging, techniques essential for enablement of a reproducible, high-capacity assay, problematic.
alternatively, feeder layers of fibroblasts 59 or smooth muscle cells 60 have been used as a matrix for angiogenesis assays using differentiated endothelial cells. These assay systems provide a stroma-like microenvironment and are compatible with automated liquid handling and microscopy; however, the limited passage potential of primary cells imposes practical restrictions on the amount of cells available for testing and potentially adds assay variability, factors that limit assay capacity and statistical robustness.
Recently, progenitor cells of endothelial and stromal cells have been shown to form functional blood vessels in vivo when co-cultured in a collagen-fibrin matrix surgically implanted into immunodeficient mice. 61 This study used ECFCs, the "true" endothelial precursor cell population that likely originates from the vasculature but are distinct from marrow-derived endothelial accessory cells (typically referred to as EpCs), which stimulate angiogenesis but do not physically incorporate into a vascular structure. 62 The stromal precursor cells used by Traktuev et al. 61 were mesenchymal-like adipose-derived stem cells, a cell type that has pericyte-like properties, 63, 64 greatly enhance tube formation of ECFCs, 61 and can be induced to differentiate into adipose, osteoblast, and chondrocyte lineages (see Gimble et al. 65 for review). Similar mesenchymal-like stem cells have been isolated from the perivascular regions of several adult tissues, suggesting that pericyte-like cells may represent a general multipotent stem cell population located in a perivascular niche. 66 Significantly, adSCs take a periendothelial position and express the pericyte marker smooth muscle actin when co-cultured with ECFCs under conditions that lead to functional vessel formation in vivo. 61 These findings suggest that co-culture of ECFCs and adSCs may better mimic the interplay of signaling pathways, cell-cell interactions, and diverse cellular functions that occur during neovascularization. in addition, the rapid formation of the tube network observed with ECFC-adSC co-culture ( Fig. S2 ) provides a tactical advantage to the slower co-culture systems using Huvec cells with fibroblast or smooth muscle cell feeder layers. 59, 60 Compounds of interest will inhibit angiogenesis by novel mechanisms that are distinct from current VEGF pathway-directed agents.
Oncology: G2/M arrest
Cell division is a fundamental process for all organisms and has been a rich historical source for identifying compounds useful in treating cancer. High-content cell cycle assays have been used to identify compounds with novel mechanisms of action, 3 novel compounds for established cell cycle targets, 67, 68 and genome-scale Rnai profiling. 69 The pd 2 cell cycle assay provides a statistically robust and high-throughput means for the general scientific community to test their novel compounds in a multiplexed cell-based assay measuring dna content, dna condensation, and cellular levels of cyclin B and pH3 (Fig. 5 ). Compounds of interest inhibit cell cycle in a G2 or m phase, are antiproliferative, and do not work via tubulin polymerization/depolymerization and known cell cycle kinases.
Concluding remarks
The productivity crisis that the pharmaceutical industry faces is important with regard to the economics of the industry, but more importantly, it impedes progress on improving humanity's quality of life. Undoubtedly, there are many aspects to this very complex and multifaceted problem, but innovation in drug discovery and target validation is an area that is likely to be key. 70 Toward this end, open innovation models that promote collaboration between academic and industrial research groups provide a mechanism in which resources and expertise can be shared between these traditionally distinct cultures. 71, 72 in this communication, we have summarized the initial assays associated with and the early compound testing results from the pd 2 initiative. pd 2 has provided access to novel chemical diversity that is <85% similar to known drugs and compounds registered in the lilly collection. The results presented here indicate that much of this novel chemical diversity is biologically relevant, as demonstrated by good potency in and selectivity between various phenotypic assay modules ( Fig. 6 ). Significantly, the low degree of structural similarity between pd 2 molecules and known drugs and the lilly compound collection suggests that molecules tested in pd 2 are likely to have molecular mechanisms distinct from previously available chemical diversity. 35 These observations lead to a thought-provoking, albeit speculative, notion. Recent analyses of marketed drugs indicate that they interact with between 266 73 and 394 74 molecular target proteins encoded by the human genome. Based on sequence homology extrapolations of the confirmed drug targets known in 2005, the "druggable genome" was estimated to be composed of roughly 1100 molecular targets, 73 a figure that is less than 4% of the proteins estimated to be encoded by the human genome. 75 in light of the observed prevalence of confirmed biological activity from the novel chemical diversity sampled by pd 2 thus far ( Fig. 6) , one might question whether the druggable genome 74 represents the sum of the molecular targets amenable to manual chemical modulation or merely reflects the limited number of molecular targets that humankind has thus far exploited through drug discovery. although it is premature to speculate on the outcome and long-term impact of pdd approaches and the pd 2 initiative, we believe that current drugs represent only the tip of the iceberg with regard to potential therapeutic mechanisms and pharmacologically relevant molecular targets. Chemical diversity is large and biology complex; lead generation strategies that directly interrogate therapeutically relevant biology and are agnostic to the molecular target/signaling pathway may provide a means for the pharmaceutical industry to implement an innovative drug discovery strategy that mitigates the risk associated with target validation. only time in conjunction with appropriate risk taking will provide information as to whether pdd approaches will be an asset or hindrance to drug discovery in the postgenomic world.
